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Abstract This paper reports on a facile synthesis method
for reduced graphene oxide (rGO)/multi-walled carbon
nanotubes (MWNTs) nanocomposites. The initial step
involves the use of graphene oxide to disperse the MWNTs,
with subsequent reduction of the resultant graphene oxide/
MWNTs composites using L-ascorbic acid (LAA) as a mild
reductant. Reduction by LAA preserves the interaction
between the rGO sheets and MWNTs. The dispersion-
containing rGO/MWNTs composites was characterized and
electrophoretically deposited anodically onto glassy carbon
electrodes to form high surface area films for capacitance
testing. Pseudo capacitance peaks were observed in the
rGO/MWNTs composite electrodes, resulting in superior
performance with capacitance values up to 134.3 F g-1
recorded. This capacitance value is higher than those
observed for LAA-reduced GO (LAA-rGO) (63.5 F g-1),
electrochemically reduced GO (EC-rGO) (27.6 F g-1), or
electrochemically reduced GO/MWNTs (EC-rGO/MWNTs)
(98.4 F g-1)-based electrodes.
Keywords Graphene oxide  Reduced graphene oxide 
Carbon nanotubes  Electrophoretic deposition (EPD) 
Nanocomposite
1 Introduction
Graphene and composites containing graphene and carbon
nanotubes play an important role in the development of
new electrodes for capacitors [1, 2] and other energy
storage devices [3]. The preparation of graphene from
graphene oxide has been achieved via the Hummers
method [4] with a reducing agent such as hydrazine [5, 6],
hydroquinone [7], sodium borohydride (NaBH4) [8], or
ascorbic acid (LAA) [9]. Alternatively reduction has been
induced thermally [6], or through the use of sulphur-con-
taining compounds [10] or bacteria [11].
Furthermore, it has been reported that graphene oxide
serves as an effective dispersing agent for carbon nano-
tubes resulting in formation of a homogeneous dispersion.
Tian reported that graphene oxide can be used as a dis-
persing agent for single-walled carbon nanotubes (SWNTs)
[12] whilst Zhang used graphene oxide to assist in the
aqueous dispersion of multi-walled carbon nanotubes
(MWNTs) [13]. Others have prepared hybrid graphene/
carbon nanotube structures using hydrazine; a highly toxic
chemical and a strong reducing agent [14]. Yu-produced
graphene/carbon nanotube films using polymer-modified
graphene sheets [15].
To form electrode structures, many approaches to
deposit graphene/carbon nanotube films such as layer-by-
layer [16–18] and spin coating [19, 20] have been reported.
Another fabrication method described in the literature is
electrophoretic deposition (EPD). This is a deposition
process employing the migration of colloidal particles
under the influence of a DC electric field. The versatility of
EPD is demonstrated in that it can be utilized to deposit
solids such as metals, polymers, carbides, oxides, nitrides,
and glasses [21]. EPD can be classified into two types;
anodic EPD and cathodic EPD [22]. When positively
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charged particles in solution move towards the negative
electrode (cathode) then it is termed cathodic electropho-
retic deposition. Conversely, anodic electrophoretic depo-
sition is the movement of negatively charged particles in
solution towards the positive electrode (anode). In general,
the mechanism of EPD can be classified into two steps. The
first step involves the movement of colloidal particles
under an electric field towards the electrode. The second
step involves deposition of the colloidal particles on the
electrode surface to form a uniform film. EPD has proven
useful in many applications such as the assembly of
nanoparticles to form nanoparticle films [23–25], solid
oxide fuel cell (SOFC) fabrication [26], hybrid material
synthesis [27], and graphene oxide [28].
In this work, we have developed a facile route to produce
reduced graphene oxide (rGO)/multi-walled carbon nano-
tubes (MWNTs) nanocomposites. The protocol developed
does not require the use of surfactants to stabilise the dis-
persion and does not use toxic chemicals, such as hydrazine,
to induce the reduction of graphene oxide. L-ascorbic acid
(LAA) has been selected as a chemical reducing agent for
graphene oxide because it encourages a mild reduction [9].
The use of this reductant insures that the interaction between
the rGO and the MWNTs is maintained, thus resulting in a
good dispersion needed for subsequent anodic electropho-
retic deposition. These materials were then electrophoreti-
cally deposited (EPD) anodically onto glassy carbon (GC)
plates to form high surface area films and tested for elec-
trochemical capacitance. For comparison, graphene oxide
and graphene oxide/MWNTs composites were EPD onto GC
plates and then electrochemically reduced before testing for
electrochemical capacitance.
2 Experimental
2.1 Graphene oxide (GO) synthesis
Natural graphite (SP-1, Bay Carbon) was treated in strong
acid as reported in a modified Hummers method [4].
Graphene oxide (GO) aqueous dispersion was prepared as
outlined by Li et al. [5, 29]. The obtained graphite oxide was
dispersed in ultrapure Milli-Q water resulting in a dark
brown suspension. Graphite oxide was purified by washing
with Milli-Q water until the pH became neutral and then
dispersed in water to obtain a 0.05 wt% dispersion. Graphite
oxide was exfoliated to graphene oxide by ultrasonication of
the dispersion using a Branson Digital Sonifier (S450D,
500 W, 30 % amplitude) for 30 min. The light brown sus-
pension (graphene oxide) was then separated from the un-
exfoliated graphite oxide by centrifugation at 4,400 rpm for
30 min using an Eppendorf 5702 centrifuge with a rotor
radius of 14 cm.
2.2 Purification of MWNTs
MWNTs (Chengdu Institute of Technology, China) were
heated in an oven at 200 C for 24 h to oxidize the metal
impurities before being dispersed in concentrated hydro-
chloric acid and sonicated in a sonication bath for 1.5 h to
dissolve the impurities. After acid purification, the
MWNTs were washed with Milli-Q water for several times
to remove the residual HCl until the pH reached 7.
2.3 Synthesis of graphene oxide/MWNTs composite
(GO/MWNTs)
MWNTs (0.01 g) were dispersed into 20 ml graphene
oxide (0.05 wt%) solution by ultrasonication using a
Branson Digital Sonifier (S450D, 500 W, 30 % amplitude)
for 1 h. The light brown suspension (graphene oxide)
turned to a dark suspension after sonication. This disper-
sion was purified as per the method reported by Zhang [13]
as follows. The dispersion was centrifuged for 30 min at
8,000 rpm to remove the unstabilized MWNTs, followed
by centrifugation at 14,000 rpm for 20 min to separate the
GO/MWNTs from excess GO. Finally, the dispersion was
washed with Milli-Q water and centrifuged again at
14000 rpm for 20 min to obtain high purity GO/MWNTs.
2.4 Chemical reduction of GO and GO/MWNTs
composites
L-Ascorbic acid (LAA) reduced GO and L-ascorbic acid
reduced GO/MWNTs were obtained through the chemical
reduction of GO and GO/MWNTs using L-ascorbic acid as
reported previously by Zhang [9]. Thus L-ascorbic acid (10,
20, and 30 mg) was added to 10 mL of GO and GO/MWNTs
dispersions (0.1 mg mL-1) and stirred for 48 h. These
amounts of LAA correspond to a final LAA concentration of
5.7, 11.4, and 17.1 mM, respectively, in the 10 mL of sol-
vent used. The sediment composite was washed with water
until the pH reached neutral and then redispersed in dimethyl
formamide (DMF) with light sonication in a low energy
sonication bath for 1 h to obtain a homogeneous dispersion.
The dispersion in DMF was stable and can be kept for several
months without aggregation and precipitation occurring. The
LAA-reduced GO and GO/MWNT are from here on in the
paper referred to as LAA-rGO and LAA-rGO/MWNTs to
indicate the conversion from the precursor graphene oxide
(GO) to reduced graphene oxide(rGO).
2.5 Anodic electrophoretic deposition (EPD) of LAA-rGO,
LAA-rGO/MWNTs, GO, and GO/MWNTs
The anodic EPD of LAA-rGO and LAA-rGO/MWNTs was
achieved on glassy carbon plates under ambient conditions
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in a two-electrode cell using a potentiostat (eDAQ) EA 160
electrochemical system (eDAQ Pty Ltd). LAA-rGO and
LAA-rGO/MWNTs were EPD onto glassy carbon plates at
4.0 V optimised for 90 s to obtain a complete coverage.
The EPD of GO and GO/MWNTs aqueous dispersions (not
treated with LAA) on GC plates and LAA-rGO/MWNTs
on ITO-coated glass was carried out with the same elec-
trochemical instrumentation indicated above at 4.0 V
optimised for 30 s to obtain a complete coverage.
2.6 Electrochemical reduction of GO and GO/MWNTs
Electrochemical reduction of GO (here after referred to as EC-
rGO) and GO/MWNTs (here after referred to as EC-rGO/
MWNTs) as EPD films was performed using cyclic voltam-
metry. Initially the GO and GO/MWNTs electrodes were
prepared following the same EPD procedure outlined in Sect.
2.5. Electrochemical reduction was performed via cyclic
voltammetry (CV) in a three-electrode cell with a GO or GO/
MWNTs working electrode, Pt mesh counter electrode and an
Ag/AgCl reference electrode with a 3 M NaCl salt bridge. The
Fig. 1 UV visible spectra of a GO aqueous dispersion and b
GO/MWNTs composite aqueous dispersion
Fig. 2 UV visible spectra of GO (a) and GO/MWNTs (b) before and
after reduction by LAA for 48 h. The amount of LAA was varied: 10,
20, and 30 mg (5.7, 11.4, and 17.1 mM)
Fig. 3 Raman spectra of a GO, MWNTs, GO/MWNTs, LAA-rGO
(treated with 10, 20, and 30 mg (5.7, 11.4, and 17.1 mM) LAA)
and LAA-rGO/MWNTs (treated with 10, 20, and 30 mg (5.7, 11.4,
and 17.1 mM) LAA). Expansion of Raman spectra (b) of GO,
GO/MWNTs, and LAA-rGO, LAA-rGO/MWNTs
J Appl Electrochem (2013) 43:865–877 867
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CVs were scanned over a potential window of 0.0 V to
-1.3 V at a scan rate of 50 mV s-1 for five cycles. All CVs
were performed using a potentiostat (eDAQ) EA 160 elec-
trochemical system (eDAQ Pty Ltd). The electrolyte was
0.1 M phosphate-buffered saline (PBS) of pH 7.4 [30].
2.7 Electrochemical capacitance of LAA-rGO, LAA-
rGO/MWNTs, EC-rGO, and EC-rGO/MWNTs
To study the electrochemical capacitance of LAA-rGO,
LAA-rGO/MWNTs, EC-rGO, and EC-rGO/MWNTs, all
electrodes were subjected to cyclic voltammetry in N2 gas-
saturated sulphuric acid (1.0 M). Cyclic voltammetry (CV)
of these electrodes was carried out in a three-electrode cell,
with the LAA-rGO, LAA-rGO/MWNTs, EC-rGO, and EC-
rGO/MWNTs as working electrode, together with a Pt
mesh counter electrode and an Ag/AgCl reference elec-
trode with a 3 M NaCl salt bridge, at a scan rate of 10, 20,
30, 40, 50, and 100 mV s-1 and over a potential range of
0.0 V to ?1.0 V. All CVs were performed using a poten-
tiostat (eDAQ) EA 160 electrochemical system (eDAQ Pty
Ltd).
Galvanostatic charge/discharge test of LAA-rGO, LAA-
rGO/MWNTs, EC-rGO, and EC-rGO/MWNTs electrodes
was carried out in a two-electrode cell with LAA-rGO,
LAA-rGO/MWNTs, EC-rGO, and EC-rGO/MWNTs elec-
trodes used as both working and counter electrodes in each
experiment at current densities of 0.1, 0.2, 0.4, and 1 A g-1
with voltages between 0 and 0.6 V in N2-saturated sul-
phuric acid (1.0 M). All galvanostatic charge/discharge
curves were performed using a potentiostat (eDAQ) EA
160 electrochemical system (eDAQ Pty Ltd). Electrode
Fig. 4 XPS spectra of C 1 s of GO (a), LAA-rGO (b), GO/MWNTs (c), and LAA-rGO/MWNTs (d) (treated with LAA for 48 h). Peaks A–
E refer to C=C, C–C/C–H, C–O, C=O, and O=C–O, respectively
Table 1 Relative ratios of peak A (C=C) to peak C (C–O) of GO and
GO/MWNTs before and after reduction by LAA for 48 h
Sample Relative ratio of
peak A to peak C
GO 1.7
LAA-rGO 3.5
GO/MWNTs 1.3
LAA-rGO/MWNTs 5.9
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loadings (mass) used for electrochemical capacitance
measurements were determined using a digital micro-ana-
lytical balance.
2.8 Electrode characterization
The microstructure of GO/MWNTs and LAA-rGO/
MWNTs dispersions, LAA-rGO, LAA-rGO/MWNTs, EC-
rGO, and EC-rGO/MWNTs film electrodes were observed
by JEOL JSM7500FA cold-Field Emission Gun Scanning
Electron Microscope (FEGSEM) at specific voltages of
5 kV. Optical images were obtained using a Leica DMED
optical microscope controlled by Leica software version
(2.4.0 R1). Spectroscopic analysis of GO, GO/MWNTs,
LAA-rGO, and LAA-rGO/MWNTs was performed using
UV–vis spectroscopy (Model Shimadzu UV-1601 spec-
trophotometer with UVProbe (v.2.10) software) and
Raman spectroscopy (Model Jobin–Yvon Horiba HR800
Raman spectrometer with LabSpec software). X-ray photo-
electron spectroscopy (XPS) analyses of GO, GO/MWNTs,
LAA-rGO, and LAA-rGO/MWNTs were performed by the
Solid State and Elemental Analysis Unit of the University of
New South Wales, Australia.
3 Results and discussions
3.1 GO/MWNTs dispersion
To prepare a composite of GO and MWNTs, aqueous GO
dispersion 0.05 wt% (20 ml) was ultrasonicated with
MWNTs 0.01 g (ratio 1:1). After sonication, the dispersion
had changed from the typical GO brown colour to a black
colour; indicating the formation of a homogeneous
Fig. 5 TEM images at 915,000
and 940,000 of unpurified
GO/MWNTs (a, b), purified
GO/MWNTs (c, d), and purified
LAA-rGO/MWNTs (e, f)
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dispersion of GO/MWNTs. This dispersion was stable for
several months without any precipitation being observed.
However, increasing the ratio of MWNTs to GO to 2:1
resulted in the agglomeration of the dispersion. This is
most likely due to the increase in MWNTs overcoming the
stabilizing effect of the GO. The UV–Vis spectrum of a GO
solution (Fig. 1) shows a peak centred at a maximum
wavelength of 227 nm, indicating p–p transitions of aro-
matic C–C bonds while a shoulder peak at 300 nm can be
assigned to n–p transitions of C=O bonds (Fig. 1a) that
correspond to previously published results [5, 9, 13]. The
UV–Vis spectrum of GO/MWNTs (Fig. 1b) shows a
bathochromic shift, from 227 to 236 nm (as indicated by
the arrow). This can be explained by interactions between
the aromatic carbon of graphene oxide sheets and the
aromatic side-walls of MWNTs through p-stacking [13].
3.2 Reduction of GO and GO/MWNTs dispersions
and characterization
The reduction of GO and GO/MWNTs was carried out
using L-ascorbic acid (LAA) [9]. The mild reductive ability
of LAA should lead to de-epoxidation of GO sheets while
maintaining the stability of the interactions of the GO
sheets’s aromatic regions and the side-walls of the
MWNTs. The reduction of GO aqueous dispersion using
different amounts of LAA for 48 h is shown in Fig. 2a. The
peak centred at the maximum wavelength of 227 nm for
GO shifted to 259, 262, and 264 nm (as indicated by the
arrow) when treated with 10, 20, and 30 mg (5.7, 11.4, and
17.1 mM) of LAA, respectively. The absorption intensity
of the spectra is observed to increase as more LAA was
used. This indicated a greater degree of reduction of GO.
Therefore, this shows that LAA can be used as a mild
chemical reducing agent for GO. However, our reduced
GO may contain residual epoxide groups because the UV–
Vis spectra should show a redshift towards 270 nm for
chemically reduced graphene oxide as reported by Li [5].
LAA reduction was repeated on the GO/MWNTs aqueous
dispersion to obtain rGO/MWNTs composites. It can be
seen in Fig. 2b that the LAA-reduced GO/MWNTs (LAA-
rGO/MWNTs) also shows the bathochromic shift from
236 nm to 265, 265, and 266 nm (as indicated by the
arrow) at 10, 20, and 30 mg (5.7, 11.4, and 17.1 mM) of
LAA, respectively. However, there is a small shoulder at
236 nm which may be due to unreduced GO/MWNTs left
in the solution due to LAA being a mild reducing agent and
therefore complete reduction was not achieved.
The Raman spectra (Fig. 3) of GO, LAA-rGO, GO/
MWNTs, and LAA-rGO/MWNTs show a higher D band
peak than G band peak due to defects [31] from the acid
oxidation of GO in the Hummers method. In addition, the
broadened D and G bands of GO indicate a higher
disordered structure [32]. MWNTs show a narrower D
band, which may be due to the higher ordered structure of
nanotubes compared with the fragmented GO. The 2D
band of GO/MWNTs and LAA-rGO/MWNTs composites
is attributed to the MWNTs, as there is no absorption for
GO at the high excitation wavelength [12]. In addition, the
D and G band peak shapes of GO/MWNTs and LAA-rGO/
MWNTs were dominated by MWNTs, as evidenced by the
narrower D band peak compared to GO and LAA-rGO, and
similar G band peak shape to MWNTs [12]. However, the
G band peaks of GO/MWNTs and LAA-rGO/MWNTs at
all conditions seem to show splitting into two peaks due to
the presence of two species; i.e., GO and MWNTs or rGO
and MWNTs.
Furthermore, we know that the ratio of the D to G
band’s intensities in Raman spectra represent defects and
disorder in the carbon structure [8, 31]. It can be seen that
the ratio of D–G band increases after reduction, which
represents an increase in the defects (Fig. 3) which corre-
sponds to work published by Shin [8]. This result is con-
troversial, because we assume that double bond formation
Fig. 6 SEM images of electrophoretic-deposited LAA-rGO/MWNTs
onto ITO glass at 4.0 V for 30 s from DMF. Magnification is
a 918,000 and b 980,000
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after reduction should decrease the defects. Also, the shift
in D and G band peaks towards lower wavelengths is
evidence to support the reduction of graphene oxide [33].
As shown in Fig. 3b, both D and G bands were shifted to
lower wavelengths, compared to GO. However, shifting to
the lower wavelength in GO/MWNTs might be because of
the interaction between aromatic carbons in GO sheets and
the side-walls of MWNTs through p-stacking interactions,
as discussed above.
Figure 4a–d shows XPS spectra of C 1s of GO and
GO/MWNTs before and after reduction with LAA for
48 h, respectively. There are five different peaks at 284.5,
285.1, 286.7, 288.2, and 289.1 eV attributable to C=C
(aromatic hydrocarbon), C–C/C–H (aromatic hydrocar-
bon), C–O (epoxy and alkoxy), C=O (carbonyl group) and
O=C–O (carboxylic acid group) bonds. Compared to the
C=C and C–C/C–H peaks, it can be seen that all C 1s
spectra of bonding to oxygen decreased after reduction for
48 h. Furthermore, the C 1s spectrum of C–O showed the
largest decrease after reduction. This suggests that LAA
can be used as a mild reducing agent for both GO and
GO/MWNTs.
Furthermore, GO/MWNTs seem to be better reduced by
LAA than GO under the same conditions, as we can see the
sharply decreased C 1s spectra of C–O bond (C 1s C in
Fig. 4b, d). It can be seen that the relative ratio of peak A
(C=C) to peak C (C–O) of GO and GO/MWNTs increased
from 1.7 to 3.5 and 1.3 to 5.9, respectively, after being
reduced by LAA for 48 h. When comparing between LAA-
rGO and LAA-rGO/MWNTs, the ratio of peak A to peak C
increased from 3.5 to 5.9. Relative ratios of peak A (C=C)
to peak C (C–O) of GO and GO/MWNTs before and after
reduction by LAA for 48 h are listed in Table 1. The
increase in ratio clearly indicates the reduction of the
oxygen species after LAA treatment, confirming reduction
has occurred.
Transmission Electron Microscopy (TEM) images of
unpurified GO/MWNTs (Fig. 5a, b) clearly show non-
associated graphite sheets and MWNTs with little to no
interaction evident. After purification and reduction of GO/
MWNTs, we cannot observe free rGO sheets in the TEM
images (Fig. 5c, f). If the interaction was broken during
reduction, the TEM images should show free rGO sheets
released from the LAA-rGO/MWNTs. TEM images of
purified GO/MWNTs (Fig. 5c, d) and LAA-rGO/MWNT
(Fig. 5e, f) show that LAA can maintain the interaction
between rGO and MWNTs. The TEM image of LAA-rGO/
MWNTs after reduction shows the coexistence of these two
species, without separation or loss of interaction of rGO
and MWNTs.
After reduction for 48 h, LAA-rGO and LAA-rGO/
MWNTs were washed with ultrapure Milli-Q water and
centrifuged several times to remove residual LAA from the
reduction process, and then redispersed in DMF. The LAA-
Fig. 7 SEM images of EPD LAA-rGO at 913,000 (a), LAA-rGO/MWNTs at 913,000 (b), LAA-rGO/MWNTs at 9100,000 (c) and blank
glassy carbon at 913,000 (d)
J Appl Electrochem (2013) 43:865–877 871
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rGO and LAA-rGO/MWNTs composites redispersed in
DMF-produced homogeneous dispersions that exhibited
good stability. The zeta potential of LAA-rGO and LAA-
rGO/MWNTs in DMF was investigated to determine the
stability and charge of the particles for EPD. LAA-rGO and
LAA-rGO/MWNTs had zeta potentials of -25.8 and
-25.3 mV, respectively, in DMF. This suggests that the
colloidal particles of LAA-rGO and LAA-rGO/MWNTs
are quite stable in DMF and also the negative charge on
LAA-rGO and LAA-rGO/MWNTs makes them suitable
for electrode fabrication by EPD.
3.3 Electrode fabrication using anodic electrophoretic
deposition (EPD)
Electrophoretic deposition (EPD) involves the migration of
colloidal particles under the influence of a DC electric
field. To confirm the interaction between rGO and MWNTs
of rGO/MWNT composite after being reduced by LAA,
solutions of LAA-rGO/MWNTs in DMF were subjected to
anodic electrophoretic deposition (EPD) at 4 V for 30 s
onto ITO coated glass. The SEM images presented in
Fig. 6 show the deposited LAA-rGO/MWNTs with the
light grey areas in the images being the ITO-coated glass
whilst the black areas are graphene sheets and the white
fibres are the MWNTs. There are no individual rGO sheets
or separated MWNTs deposited on the ITO-coated glass;
confirming that the interaction between rGO and MWNTs
was still present after reduction.
To fabricate the LAA-rGO and LAA-rGO/MWNTs
electrodes, LAA-rGO and LAA-rGO/MWNTs dispersions
were electrophoretically deposited anodically on to glassy
carbon (GC) substrates (1 9 1 cm2) at 4 V for optimised
90 s to obtain complete coverage of LAA-rGO and LAA-
rGO/MWNTs films. This optimised EPD time is longer
than for EPD onto ITO above to insure complete coverage
of the GC surface. The morphology of these films was
investigated by SEM. It can be seen that glassy carbon
substrates were fully covered by LAA-rGO and LAA-rGO/
MWNTs, respectively, (Fig. 7a, b) compared with blank
Fig. 8 Cyclic voltammograms of a LAA-rGO and b LAA-rGO/
MWNTs electrodes deposited onto glassy carbon in 1.0 M H2SO4 at
scan rates of 10, 20, 30, 40, 50, and 100 mV s-1 (platinum mesh was
used as counter electrode and Ag/AgCl–3 M NaCl was used as
reference electrode). Dashed arrows indicate the direction of the
potential scan
Fig. 9 Galvanostatic charge/discharge curves of a LAA-rGO and
b LAA-rGO/MWNTs electrodes in 1.0 M H2SO4 with voltage
between 0 and 0.6 V using a two-electrode cell at different current
densities. Current densities employed are; (1) 0.1 A g-1 (2)
0.2 A g-1, (3) 0.4 A g-1, and (4) 1.0 A g-1
872 J Appl Electrochem (2013) 43:865–877
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glassy carbon (Fig. 7d). A high magnification SEM image
at 100,0009 of LAA-rGO/MWNTs (Fig. 7c) also shows
the synergism between GO sheets and MWNTs; as we can
see MWNTs laid down on top of and underneath the GO
sheets.
The capacitance can be calculated by using Eq. 1 [34];
C ¼ Q
2Vm
ð1Þ
where C is the specific capacitance (F g-1), Q is the charge
calculated from the area under the anodic and cathodic
current peak (mA s), V is the scanned potential window
(V), and m is the mass of the composite (mg).
Cyclic voltammograms (CV) of LAA-rGO and LAA-
rGO/MWNTs electrodes show good symmetry with rect-
angular shapes; with the CV at the highest scan rate
(100 mV s-1) (Fig. 8a, b) also showing peaks. This sug-
gests that LAA-rGO and LAA-rGO/MWNTs electrodes
show quick charge/discharge processes with pseudo
capacitance behaviour from the oxygen groups on LAA-
rGO and LAA-rGO/MWNTs, and transition of quinine/
hydroquinone groups for carbon materials [35–38]. This
can be clearly observed at higher scan rates (above
30 mV s-1) resulting in higher charge and higher specific
capacitance obtained as scan rates were increased (specific
capacitance increased from 44.1 ± 0.9 F g-1 at scan rate
10 mV s-1 to 63.5 ± 0.2 F g-1 at scan rate 100 mV s-1
for LAA-rGO, and 82.5 ± 2.6 F g-1 at scan rate
10 mV s-1 to 134.3 ± 7.3 F g-1 at scan rate 100 mV s-1
for LAA-rGO/MWNTs; where the mass of the LAA-rGO
was 0.030 mg and LAA-rGO/MWNTs was 0.020 mg). As
discussed previously, LAA-rGO and LAA-rGO/MWNTs
were not completely reduced as shown by UV–Vis spec-
troscopy (Fig. 2a, b) and XPS spectra (Fig. 4b, d). So, there
are oxygen functional groups left on the LAA-rGO and
LAA-rGO/MWNTs that resulted in the clear pseudo
capacitance peaks observed.
Since the specific capacitances of LAA-rGO and LAA-
rGO/MWNTs were found to be 63.5 and 134.3 F g-1,
respectively, at a scan rate of 100 mV s-1, they confirm
that added MWNTs improve the capacitance behaviour
above that of the rGO electrode alone, and reduction using
a mild chemical-reducing agent such as LAA resulted in
superior electrochemical capacitance. This specific capac-
itance of 134.3 F g-1 for LAA-rGO/MWNTs is higher
than previous studies (in sulphuric acid electrolyte) by
other workers on thermally expanded GO at 1050 C
(117 F g-1) [39], reduced GO-SnO2 composite (43 F g
-1)
[40], polymer-modified graphene/carbon nanotube hybrid
film (120 F g-1) [15], MWNTs-based supercapacitor
(102 F g-1) [41] and graphene/MWNT/MnO2 material
(126 F g-1) [42].
The specific capacitance of LAA-rGO and LAA-rGO/
MWNTs from the charge/discharge curves can be obtained
by using Eq. 2 [43].
C ¼ I  DT
m  DE ð2Þ
Fig. 10 SEM images of GO
(a), EC-rGO (b), GO/MWNTs
(c), and EC-rGO/MWNTs (d).
SEM magnification was
913,000
J Appl Electrochem (2013) 43:865–877 873
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where C (F g-1) is the specific capacitance obtained from
charge/discharge curves, I (A) is discharge current,
DT (s) is the discharge time, m (g) is mass of the
composite, and DE (V) is the potential window. A specific
capacitance of 31.7 ± 1.1 and 49.5 ± 5.2 F g-1 was
obtained from galvanostatic charge/discharge curves at
the current density 0.1 Ag-1 of LAA-rGO and LAA-rGO/
MWNTs (Fig. 9a, b) respectively; where the mass of the
LAA-rGO was 0.030 mg and LAA-rGO/MWNTs was
0.020 mg. The specific capacitance calculated from
galvanostatic charge/discharge curves (two-electrode
cells) is lower than the value obtained from the cyclic
voltammogram (three-electrode cells) because specific
capacitance was determined using different cell systems
[44] and the specific capacitance obtained from Eq. 2 was
calculated from the discharge time only.
Further comparison of electrochemical capacitance
behaviour was studied on electrochemically reduced EPD
GO (here after referred to as EC-rGO) and GO/MWNTs
(here after referred to as EC-rGO/MWNT) electrodes.
Electrodes were fabricated by EPD of GO and GO/
MWNTs aqueous dispersions on glassy carbon substrates
(1 9 1 cm2) at 4.0 V for 30 s; as optimised for full cov-
erage of the substrate. The complete coverage of GO and
GO/MWNTs film was observed on glassy carbon as shown
in Fig. 10a, c, respectively. Furthermore, there is no change
in morphology or any evidence of delaminating of EC-rGO
and EC-rGO/MWNTs films on glassy carbon substrates
after electrochemical reduction; as shown in SEM images
(Fig. 10b, d).
Electrodes fabricated by EPD from GO and GO/
MWNTs aqueous dispersions were subjected to reduction
by cyclic voltammetry in 0.1 M aqueous solution of PBS,
pH 7.4. Figure 11a shows that the first cycle of the cyclic
voltammogram of the electrochemical reduction of GO
exhibits a broad reduction peak at approximately -1.2 V
Fig. 11 Cyclic voltammograms of EPD GO (a) and GO/MWNTs
(b) on a glassy carbon plate in PBS (0.1 M, pH 7.4) at a scan rate
of 50 mV s-1 (platinum mesh was used as counter electrode and
Ag/AgCl–3 M NaCl was used as reference electrode). Arrows
indicate the direction of the potential scan, and cyclic voltammo-
grams of the first three cycles are shown
Fig. 12 Cyclic voltammograms of EC-rGO (a) and EC-rGO/
MWNTs (b) electrodes in 1.0 M H2SO4 at scan rates of 10, 20, 30,
40, 50, and 100 mV s-1 (platinum mesh was used as counter
electrode and Ag/AgCl–3 M NaCl was used as reference electrode).
Arrows indicate the direction of the potential scan
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while the electrochemical reduction of GO:MWNTs shows
a sharp reduction peak at a potential around -0.85 V
(Fig. 11b). The reduction current generated for the GO/
MWNT film is also approximately double that for the GO
film. The less cathodic electrochemical reduction potential
for GO/MWNTs indicates that the electrochemical reduc-
tion process of GO/MWNTs needed less energy than GO.
This can be explained by the MWNTs serving as con-
ducting tracks in this system and promoting charge transfer
in the electrochemical reduction [30]. It can also be
observed that, in all cases, the reduction peak only appears
during the first cycle. This indicates that the reduction of
GO to rGO is completed during the first cycle and is
irreversible under these conditions.
The electrochemical capacitance of EC-rGO and EC-
rGO/MWNTs were further investigated. It can be seen that
the CV curves for the EC-rGO electrode (Fig. 12a) are
symmetrical but not rectangular. This indicates that EC-
rGO does not behave as an ideal capacitor and may not be
as suitable for use as capacitor materials. Furthermore, the
cyclic voltammograms of the EC-rGO electrodes are dif-
ferent from that of LAA-rGO electrodes (Fig. 8a) as they
show reduced pseudo capacitance peaks which might be
due to the smaller amount of oxygen content left on EC-
rGO (compared to the LAA-rGO) after electrochemical
reduction; in keeping with reports of faradaic peak currents
being observed in materials with high content in oxygen
groups [38]. The specific capacitance at different scan rates
of EC-rGO decreased as a function of scan rate; due to very
little pseudo capacitance being observed at high scan rates
(specific capacitance decreased from 34.3 ± 6.2 F g-1 at
scan rate 10 mV s-1 to 27.6 ± 3.1 F g-1 at scan rate
100 mV s-1, where the mass of EC-rGO was 0.050 mg). It
can be observed that the capacitance values for the EC-rGO
are smaller than those of the LAA-rGO, suggesting that
residual oxygen groups remaining on the rGO sheets are
advantageous for supercapacitor applications.
In contrast, the cyclic voltammograms of EC-rGO/
MWNTs (Fig. 12b) show pseudo-capacitance peaks, as we
expected, due to the oxygen groups on the EC-rGO/MWNTs
and transition of quinine/hydroquinone groups [35–38] for
carbon materials as discussed previously; resulting in higher
specific capacitance obtained as scan rates are increased
(specific capacitance increased from 79.9 ± 4.8 F g-1 at
scan rate 10 mV s-1 to 98.4 ± 6.5 F g-1 at scan rate
100 mV s-1, where the mass of EC-rGO/MWNTs was
0.015 mg). Furthermore, a higher current density for EC-
rGO/MWNTs than EC-rGO alone was also observed
because of the presence of MWNTs. The presence of
MWNTs in both LAA-rGO/MWNTs and EC-rGO/MWNTs
conferred a higher current density than both LAA-rGO and
EC-rGO. This can be explained in terms of the MWNTs
serving as conducting wires and thus promoting charge
transfer in the system [30]. In addition, MWNTs are also
known to exhibit capacitive behaviour [40]. The capacitance
values of the EC-rGO/MWNT are slightly lower than those
of LAA-rGO/MWNT. This slight decrease may be due to the
lower level of oxygen groups associated with the EC-rGO/
MWNT electrode. A specific capacitance of 11.9 ± 0.2 and
42.6 ± 0.5 F g-1 of EC-rGO and EC-rGO/MWNTs elec-
trodes, respectively, was obtained from galvanostatic
charge/discharge curves (Fig. 13a, b respectively) at the
current density 0.1 Ag-1; where the mass of EC-rGO was
0.050 mg and EC-rGO/MWNTs was 0.016 mg. This can be
confirmation that EC-rGO does not behave as a good
capacitor and may not be suitable for use as capacitor
materials. It also can be noted that the specific capacitance
obtained from the LAA-rGO/MWNTs electrode is higher
than that obtained from the EC-rGO/MWNTs electrode.
This indicates that the LAA route is superior to the electro-
chemical route for obtaining rGO/MWNTs capacitor
materials.
Fig. 13 Galvanostatic charge/discharge curves of (a) EC-rGO and
(b) EC-rGO/MWNTs electrodes in 1.0 M H2SO4 with voltage
between 0 and 0.6 V using a two-electrode cell at different current
densities. Current densities employed are; (1) 0.1 A g-1, (2)
0.2 A g-1, (3) 0.4 A g-1, and (4) 1.0 A g-1
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4 Conclusions
In conclusion, we have successfully synthesized rGO/
MWNTs materials from GO/MWNTs dispersions using a
facile and non-toxic method that involves mild chemical
reduction using LAA that preserved the interaction between
the aromatic carbon of reduced graphene oxide sheets and
the side-walls of MWNTs through p-stacking interactions.
LAA-rGO/MWNTs shows superior-specific capacitance
than EC-rGO/MWNTs, LAA-rGO, and EC-rGO as shown
by their respective values of 134.3, 98.4, 63.5, and
27.6 F g-1 obtained by cyclic voltammetry using a three-
electrode cell. Some oxygen functional groups on GO and
MWNTs remained after reduction by LAA, a mild-reducing
agent, that contributed to the pseudo capacitance observed in
the cyclic voltammograms and are, therefore, advantageous
for supercapacitor applications. The specific capacitance of
134.3 F g-1 for the LAA-rGO/MWNTs composite is far
superior than values obtained by others for thermally
expanded GO at 1,050 C (117 F g-1) [39], reduced GO-
SnO2 composite (43 F g
-1) [40], polymer-modified graph-
ene/carbon nanotube hybrid film (120 F g-1) [15], MWNTs-
based supercapacitor (102 F g-1) [41] and graphene/
MWNT/MnO2 material (126 F g
-1) [42].
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